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Protein secondary structureCOR15A and COR15B form a tandem repeat of highly homologous genes in Arabidopsis thaliana. Both genes
are highly cold induced and the encoded proteins belong to the Pfam LEA_4 group (group 3) of the late
embryogenesis abundant (LEA) proteins. Both proteins were predicted to be intrinsically disordered in
solution. Only COR15A has previously been characterized and it was shown to be localized in the soluble
stroma fraction of chloroplasts. Ectopic expression of COR15A in Arabidopsis resulted in increased freezing
tolerance of both chloroplasts after freezing and thawing of intact leaves and of isolated protoplasts frozen
and thawed in vitro. In the present study we have generated recombinant mature COR15A and COR15B for a
comparative study of their structure and possible function as membrane protectants. CD spectroscopy
showed that both proteins are predominantly unstructured in solution and mainly α-helical after drying.
Both proteins showed similar effects on the thermotropic phase behavior of dry liposomes. A decrease in the
gel to liquid-crystalline phase transition temperature depended on both the unsaturation of the fatty acyl
chains and lipid headgroup structure. FTIR spectroscopy indicated no strong interactions between the
proteins and the lipid phosphate and carbonyl groups, but signiﬁcant interactions with the galactose
headgroup of the chloroplast lipid monogalactosyldiacylglycerol. These ﬁndings were rationalized by
modeling the secondary structure of COR15A and COR15B. Helical wheel projection indicated the presence of
amphipathic α-helices in both proteins. The helices lacked a clear separation of positive and negative charges
on the hydrophilic face, but contained several hydroxylated amino acids.ted; DLnPC, 1, 2-dilinolenoyl-sn-
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Although it is generally assumed that protein function is based on
a stable three-dimensional structure, it has more recently been
recognized that a substantial part of all cellular proteomes consists of
proteins that either completely lack stable structure or that have large
unstructured domains [1]. These proteins are now mainly referred to
in the literature as intrinsically disordered proteins (IDPs). Many of
these proteins perform essential cellular functions, e.g. in signal
transduction and the regulation of transcription [2,3]. The ability ofIDPs to bind to their target molecules, such as RNA, DNA and other
(structured) proteins [4] is of crucial importance for their function
and inmany cases it has been observed that binding induces increased
secondary structure in IDPs [5,6], indicating their ability to fold under
the appropriate conditions.
Late embryogenesis abundant (LEA) proteins were ﬁrst described
almost 30 years ago as a group of proteins that are accumulated in
cotton seeds during the late stages of development, when the embryo
becomes desiccation tolerant [7]. Subsequently, related proteins were
found not only in plant seeds, but also in other plant tissues, in some
bacterial species and in animals such as nematodes, rotifers and brine
shrimp (see [8] for a recent review). In all these cases the occurrence
of the proteins was related to environmental stress conditions such as
freezing, drought, or desiccation. Some LEA proteins have indepen-
dently been described in the model plant species Arabidopsis thaliana
as cold regulated or COR proteins because they are highly induced
upon cold treatment [9]. While a large body of knowledge is now
available about the cold regulation of the genes encoding COR
proteins [10–12], the analysis of their structure and function is
lagging far behind.
One of the best characterized Arabidopsis COR proteins is COR15A.
Its gene was ﬁrst cloned and described as cold and drought induced
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the soluble chloroplast stroma fraction shortly thereafter [14]. The
COR15A gene encodes a polypeptide of approximately 15 kDa that is
processed to the mature form of 9.4 kDa upon import into the
chloroplast [14,15]. In the Arabidopsis genome, the COR15A gene is
part of a tandem repeat pair with COR15B [16]. The coding regions of
the two genes are 82% identical and both encode proteins with a
putative N-terminal signal sequence for chloroplast import. Plastid
localization, however, has not been experimentally veriﬁed for
COR15B. The only available information on COR15B is that the
encoding gene is induced by cold and the phytohormone abscisic acid,
similar to COR15A [16,17]. In addition, both proteins show homology
to the Pfam LEA_4 family of LEA proteins, previously described as
group 3 [18], and both were predicted to be IDPs [17]. In contrast to
COR15A, no further functional or structural information is currently
available for COR15B.
Constitutive overexpression of the COR15A gene in Arabidopsis
leads to an accumulation of the mature COR15A protein in the
chloroplast stroma [19], resulting in increased freezing tolerance of
both chloroplasts after freezing and thawing of intact leaves [19] and
of isolated protoplasts frozen and thawed in vitro [19,20]. Freeze-
fracture electronmicroscopy of frozen protoplasts indicated a possible
involvement of COR15A in membrane protection by stabilizing
bilayers against freeze induced formation of the nonbilayer HII
phase. This possible mechanism of COR15A function was further
corroborated by 31P NMR measurements with lipid dispersions
containing the prominent nonbilayer chloroplast lipid MGDG [20] in
the absence or presence of recombinant mature COR15A [21].
Further studies with recombinant COR15A indicated a protective
function for the freezing sensitive enzyme LDH of both the preprotein
[22] and the mature protein [15]. COR15A has no chaperone activity,
i.e. it is not able to refold or assist in the refolding of denatured
proteins. Instead, enzyme stabilization seems to result from the
prevention of LDH aggregation during freezing [23], similar to the
function shown for other LEA_4 proteins [24–26]. Whether COR15A
functions as a stabilizer of chloroplast enzymes during freezing in
vivo, however, has not been reported.
In the present study we have generated recombinant mature
COR15A and COR15B for a comparative investigation of their structure
and possible function as membrane protectants. CD spectroscopy
showed that both proteins are predominantly unstructured in
solution and mainly α-helical after drying. Both proteins showed
similar, but not identical, effects on the thermotropic phase behavior
of dry liposomes of different lipid compositions. FTIR spectroscopy
indicated no strong interactions between the proteins and the lipid
phosphate and carbonyl groups, but signiﬁcant interactions with the
galactose headgroup of MGDG. These ﬁndings were rationalized by
modeling the secondary structure of COR15A and COR15B.
2. Materials and methods
2.1. Materials
POPC (16:0/18:1), DLnPC (18:3/18:3) and DLnPE (18:3/18:3)
were obtained from Avanti Polar Lipids (Alabaster, AL). EPE and the
chloroplast glycolipid MGDG were purchased from Lipid Products
(Redhill, Surrey, UK).
2.2. Cloning
Full-length cDNA clones were obtained from the RIKEN (Tokyo,
Japan) RAFL collection [27,28] for the Arabidopsis thaliana genes
COR15A (At2g42540; clone RAFL09-47-C04) and COR15B (At2g42530;
clone RAFL05-20-N18). The cDNA sequences encoding the mature
proteins lacking the N-terminal signal peptides were ampliﬁed by PCR
and inserted into the Gateway pENTR.SD.D-TOPO vector (Invitrogen,Karlsruhe, Germany). The identity of the inserts was checked by
sequencing. The genes were transferred into the expression vector
pDEST17 (Invitrogen) to express the proteins with an N-terminal
6xHis-tag under the control of the T7 expression system.
2.3. Expression and puriﬁcation of recombinant proteins
The pDEST17.COR15A and pDEST17.COR15B constructs were
transformed into the Escherichia coli strain Rosetta (DE3) pLys S
(Novagen, Madison, WI). Bacterial cell lysates containing the
recombinant proteins were incubated in a boiling water bath for
10 min. The COR15 proteins, like several other LEA proteins, are stable
upon boiling and remain in solution [14]. Precipitated proteins
were removed by centrifugation at 4000g for 15 min at 4 °C. The
supernatant was ﬁltered through a 0.2 µm ﬁlter and applied to a 1-ml
HisTrap HP column (GE Healthcare) equilibrated with 20 mM sodium
phosphate, 0.5 M NaCl, 20 mM imidazole (pH 7.4) with a ﬂow rate of
1 ml/min. The column was washed with increasing concentrations of
imidazole and COR15 proteins were eluted with 250 mM imidazole.
Fractions were analyzed by SDS-PAGE and those containing recom-
binant protein were pooled and dialyzed against ddH2O in QuixSep
Micro Dialyzer capsules (Roth, Karlsruhe, Germany) with Spectra/Por
dialysis membranes (3500 molecular weight cut-off). Puriﬁed
proteins were lyophilized and stored at −20 °C.
2.4. SDS-PAGE and Western-blotting
SDS-PAGE was performed according to the method of Schägger
and von Jagow [29]. After electrophoresis proteins were stained with
colloidal Coomassie blue. For Western blotting proteins were
transferred from SDS-PAGE gels to nitrocellulose membranes (pora-
blot NCP, Macherey-Nagel, Düren, Germany) in a semi-dry blotting
system (Biometra, Fastblot B31). 5% non-fat dry milk was used to
block non-speciﬁc binding sites. Membranes were probed with either
a peroxidase-coupled anti-6xHis antibody (abcam, Cambridge, UK) or
an antibody raised against recombinant COR15A (kindly provided by
Dr. Michael F. Thomashow, Michigan State University, USA). Mem-
branes treated with the anti-COR15A antibody were incubated with a
peroxidase coupled goat-anti-rabbit antibody (BioRad, Munich,
Germany). Detection of peroxidase activity was performed with the
Opti4-CN kit from BioRad according to manufacturer's instructions.
2.5. Circular dichroism spectroscopy
CD spectra were obtained with a Jasco-715 spectropolarimeter
(Jasco Instruments). Protein solutions containing approximately
0.75 mg ml−1 protein in H2O were measured in a 0.1 mm pathlength
cuvette. Four spectra were accumulated with a response of 4 s, 1 nm
data pitch, 1 nm band width from 240 to 180 nm. For the
measurement of dry samples, 50 µl of 2 mg ml−1 protein dissolved
in H2O were spread on CaF2 windows and dried in a desiccator over
silica gel over night at 28 °C. Windows were mounted in the
spectropolarimeter which was continuously purged with N2. As
quantiﬁcation of LEA proteins by standard colorimetric methods is
unreliable because of the highly biased amino acid composition, we
used the absorption at 193 nmmeasured in parallel with the CD signal
to estimate the protein concentration [30]. The mean-residue circular
dichroism was calculated as:
ΔεMR =
ΔA ·mMW
d · c
ΔεMR=mean-residue circular dichroism [M−1 cm−1], ΔA=
circular dichroism, mMW=mean molecular mass of an amino
acid in the investigated protein [g mol−1], d=pathlength [cm],
c=concentration [g l−1].
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different algorithms: CONTINLL, CDSSTR and SELCON3. Sets of
reference spectra containing denatured proteins were chosen for
the analysis. Since the results were similar in each case for the three
parallel samples and all algorithms, averages are shown.2.6. Liposome preparation
Lipids dissolved in choroform were mixed at the appropriate mass
ratios and the solvent was evaporated under a stream of N2. To ensure
complete removal of the solvent, the lipids were stored under vacuum
over night. Dry lipid ﬁlms were hydrated in 200 µl of distilled water.
Unilamellar liposomes were formed from the hydrated lipids using a
hand-held extruder (Avestin, Ottawa, Canada) with two layers of
100 nm pore ﬁlters [32].2.7. Fourier-transform infrared spectroscopy
The liposome suspensions were mixed with the appropriate
proteins in H2O to a ﬁnal mass ratio of 25:1 (lipid:protein) and
50 µl were spread on CaF2 windows and dried over silica gel in
desiccators at 28 °C for 24 h in the dark [33]. Samples prepared in this
way contain below 0.02 g H2O g−1 dry weight [34]. A window with
the dry sample was placed in a cuvette holder, ﬁxed in a vacuum
chamber connected to a temperature control unit (Specac Eurotherm,
Worthington, UK) and placed in the infrared beam. Temperature was
monitored by a ﬁne thermocouple ﬁxed on the window next to the
sample. Samples were kept in the sample holder under vacuum at
30 °C for 30 min to remove residual moisture absorbed during
handling. This was veriﬁed by the absence of a water band in the
FTIR spectra at 1650 cm−1. Temperature was then decreased to –30 °C
and after 10 min equilibration, the temperature was increased at a
rate of 1 °C min−1. Two spectra with 4 cm−1 resolutionwere recorded
and coadded every minute with a Perkin Elmer GX 2000 FTIR
spectrometer [33,35]. Spectra were analyzed using Spectrum 5.0.1
software. After normalization of absorbance and baseline correction,
the wavenumber of the CH2 symmetric stretching vibration (νCH2s)
around 2850 cm−1, the carbonyl stretching vibration (νC=O)
between 1770 cm−1 and 1700 cm−1 and the P=O asymmetric
stretching (νP=Oas) vibration (1300–1200 cm−1) were determined
by the automatic peak identiﬁcation routine. In addition, in samples
containing the galactolipid MGDG, the band attributed to the hydroxyl
stretching vibration (νOH) of the sugar headgroups (3100–3500 cm−1)
was investigated [34]. The gel to liquid-crystalline phase transition
temperature (Tm) was determined as the midpoint of the shift in νCH2s
with temperature [36]. The νC=O and the νP=Oas vibrations were
additionally analyzed by peak deconvolution and curve ﬁtting using the
peak-ﬁtting module of OriginPro 7.0 as described in detail recently
[26,34,37]. Correlation coefﬁcients for all ﬁtted curves were higher than
0.999.Fig. 1. SDS-PAGE (A) and Western blot analysis of puriﬁed and dialyzed COR15A and
COR15B with anti-6xHis (B) and anti-COR15A (C) antibodies. The BSA standard
concentrations were (from left to right) 0.05 µg/µl, 0.075 µg/µl, 0.1 µg/µl, 0.15 µg/µl,
0.2 µg/µl. Molecular masses of standard proteins are indicated on the right side of
panel A.2.8. Differential scanning calorimetry
Liposomes were prepared as above and the thermal behavior of
dry liposomes was investigated by DSC. Measurements were
performed with a Netzsch (Selb, Germany) DSC 204. Samples were
cooled from room temperature to −70 °C, equilibrated for 5 min,
heated to 120 °C and equilibrated again for 5 minutes. This cooling
and heating procedure was repeated three times at a cooling and
heating rate of 20 °C/min. Phase transition temperatures (Tm or THex)
were determined by the position of the peak maxima of the second
heating thermogram. THex and Tm values are themeans of two or three
measurements.2.9. Computational analysis of COR15A and COR15B
An alignment of the COR15A and COR15B amino acid sequences
without N-terminal signal peptides was performed using the Kalign
tool [38,77] with the default settings and edited using Jalview [39].
Secondary structure prediction of mature COR15A and COR15B
proteins was performed using the prediction tools NNpredict
[40,78], SOPMA [41,79], SSPro8 [42,80], JPred [43,81] and Sable2
[44,82] and the prediction programs included in the PELE tool on the
SDSC BiologyWorkbench [83] (BPS [45], D_R [46], DSC [47], GGR [48],
GOR [49], H_K [50] and K_S [51]). Creation of a consensus of all
predictions followed the “simple majority” principle. The resulting α-
helical domains were visualized using helical wheel diagrams [52,84].3. Results
We obtained full-length cDNA clones of the cold induced
Arabidopsis genes COR15A and COR15B from the RIKEN RAFL
collection [27,28] and expressed the proteins without the transit
peptides in E. coli. The recombinant proteins carried a 6xHis tag and
were puriﬁed by metal chelate chromatography, yielding essentially
pure proteins as indicated by SDS-PAGE and Coomassie blue staining
(Fig. 1A). While the molecular mass of the expressed proteins is about
10 kDa, their apparent molecular mass in the SDS-PAGE gel was
approximately 14 kDa. This aberrantmigration during electrophoresis
has previously been shown to be common for IDPs [53]. The correct
identity of the puriﬁed proteins was established by Western blotting
using both an anti-6xHis (Fig. 1B) and an anti-COR15A (Fig. 1C)
antiserum. In addition, both recombinant proteins were sequenced by
mass spectrometry after tryptic digestion of the bands in SDS-PAGE
gels, which conﬁrmed their identity with a Probability Based Mowse
Score of 2797 for COR15A and 5174 for COR15B. The next best hit for
the COR15A sample was protease I precursor from Achromobactus
lyticus (1041) and for the COR15B sample human keratin10 (335),
both obviously minor nonplant contaminants.
The secondary structure of the puriﬁed recombinant proteins was
determined by CD spectroscopy (Fig. 2). In water, both proteins
exhibited far-UV CD spectra typical for unstructured proteins with a
minimum around 200 nm. However, when the proteins were dried
they gained α-helical structure, as indicated by the double minimum
at 208 nm and 222 nm. Secondary structure estimates using different
CD spectra analysis programs indicated that COR15A was approxi-
mately 70% unstructured in solution, while the highly homologous
COR15B was about 60% unstructured. Upon drying, the two proteins
became about 65% and 57% α-helical, respectively.
Fig. 2. Secondary structure of COR15A and COR15B as analyzed by CD spectroscopy. The
two upper panels show CD spectra of the proteins either in the hydrated state or in the
dry state. The bottom panel shows the relative content of different secondary structure
elements in both proteins in either the hydrated or dry state as calculated from the CD
spectra. Data represent the means from measurements on three different samples for
each protein and condition.
Fig. 3. Lipid melting curves of dry liposomes prepared from POPC (A) or 80% POPC/20%
EPE (B). The temperature dependent increase in the position of the symmetric CH2
stretching band (νCH2s) of the fatty acyl chains was determined by FTIR spectroscopy.
Samples contained either only liposomes (pure lipid) or in addition the proteins
COR15A, COR15B, or RNaseA at a lipid:protein mass ratio of 25:1.
Fig. 4. Lipid phase transition temperatures (Tm) of dry liposomes prepared from POPC
or 80% POPC and 20% of the indicated lipids in the absence or presence of COR15A or
COR15B. Tm was determined as the midpoint of melting curves as shown in Figs. 3 and
5. The error bars indicate SE from measurements on 3 samples. The statistical
differences in Tm between samples containing one of the proteins and samples
containing only the corresponding liposomes were evaluated using an unpaired t-test
(*pb0.05; **pb0.01; ***pb0.001).
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membranes in the dry state using FTIR spectroscopy. A lipid:protein
mass ratio of 25:1 was used in all experiments, although previous
studies had used signiﬁcantly lower ratios from 2:1 [54] to 10:1 [20],
to avoid the danger of nonspeciﬁc effects of the proteins on
membrane physical behavior. Fig. 3A shows that both COR15A and
COR15B shifted the melting curves of POPC membranes to lower
temperatures, while RNaseA induced a small shift to higher
temperatures. RNaseA was used here as a nonspeciﬁc control, to
exclude the possibility that any protein of similar size would have the
same effect as the COR15 proteins. The magnitude of the effect of the
COR15 proteins on lipid phase behavior was critically dependent on
membrane lipid composition. The presence of 20% of the nonbilayer
lipid EPE strongly inhibited the effect of the proteins on membrane
phase transitions observed in pure POPC membranes (Fig. 3). While
both proteins induced a signiﬁcant reduction in Tm in pure POPC
membranes, no signiﬁcant differences were observed in POPC/EPE
mixed membranes (Fig. 4).
COR15A [14,15] and presumably also COR15B are localized in the
chloroplast stroma in vivo, where their potential target membranes
are characterized by the presence of the nonbilayer glycolipid MGDG
[55]. Membranes containing 80% POPC and 20%MGDG showed amore
complex response to the presence of the COR15 proteins in the dry
state (Fig. 5A) than membranes containing only phospholipids. While
only COR15B induced a signiﬁcant reduction in Tm in POPC/MGDG
mixed membranes (Fig. 4), both proteins induced an increase in thewavenumber of νCH2s in the gel state (Fig. 5A), indicating a higher
mobility of the fatty acyl chains of the lipids in the presence of the
proteins. A corresponding effect in the liquid-crystalline state was not
observed (Fig. 5A).
Since MGDG from plant leaves is not only a nonbilayer lipid, but
also highly unsaturated, containing mostly 18:3 fatty acids [55], we
Fig. 5. Lipid melting curves of dry liposomes prepared from 80% POPC/20% MGDG (A),
80% POPC/20% DLnPE (B), or 80% POPC/20% DLnPC (C). See Fig. 3 for further details.
Fig. 6. DSC heating thermograms of dry samples. Thermograms are from the second
heating scan from −70 °C to 120 °C at a scan rate of 20 °C/min. Liposomes contained
100% DLnPE (curve 1; THex=89.5 °C), 20% DLnPE/80% POPC (curve 2; Tm=29.9 °C),
20% MGDG/80% POPC (curve 3; Tm=19.8 °C) or 20% EPE/80% POPC (curve 4;
Tm=28.2 °C).
Fig. 7. Infrared spectra in the OH stretching vibration (νOH) region of dry liposome
samples containing the galactolipid MGDG at 30 ºC. The samples contained either only
liposomes or liposomes and the indicated proteins at a lipid:protein mass ratio of 25:1.
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unsaturation in liposomes containg 80% POPC and 20% of the synthetic
18:3 lipids DLnPE (nonbilayer, Fig. 5B) and DLnPC (bilayer, Fig. 5C).
While in membranes containing DLnPE both proteins induced a small,
but signiﬁcant decrease in Tm, with DLnPC only COR15A had a
signiﬁcant effect, although COR15B also slightly reduced Tm (Fig. 4).
Since some of themembranes contained nonbilayer lipids, theymay
have shown additional bilayer to HII transitions that would not be
detectable by FTIR spectroscopy [56,57]. Therefore, we used DSC to gain
information about such transitions in the absence of proteins (Fig. 6).
DSC experiments can distinguish between transitions fromgel to liquid-
crystalline state and bilayer to nonbilayer transitions, because the
former are highly cooperative and strongly endothermic, while the
latter have a low transition enthalpy [58]. For pure dry DLnPE a low
enthalpy transition was registered at 91 °C, corresponding to a
transition from liquid-crystalline to HII phase. For all mixed bilayer/
nonbilayer membranes, however, no additional low enthalpy transi-
tions indicative of HII transitionswere observed at higher temperatures.
Tm values determined in these DSC experiments were lower compared
to the FTIR results. This ismost likely due to a small amountofwater that
the samples absorbed during handling and that was subsequently
removed in the FTIR experiments in the vacuum cuvette.
Diacyl lipids contain different functional groups that can interact
withmolecules suchas sugars or proteins throughH-bondingor charge-
pair interactions. Such interactions canbeobserved aspeak shifts in FTIR
spectra. However, we were not able to ﬁnd any evidence for such
interactions of either COR15A or COR15B with any of the lipids in themembranes described above (Figs. 3–5) at the levels of the carbonyl
ester or phosphate groups. Also peak deconvolution [26,34,37] did not
yield any clear evidence for interactions of the COR15 proteins with
these lipid moieties in the dry state (data not shown).
MGDG contains a galactose headgroup that is able to H-bond to
other molecules through the sugar OH groups. The νOH presents a
broad peak in the FTIR spectrum from about 3600 cm−1 to 3100 cm−1
(Fig. 7), indicating a wide range of H-bonding lengths and strengths.
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peak was strongly reduced. This indicates a smaller population of
different H-bonding lengths and strengths, in agreement with
reduced motional freedom of the galactose headgroup due to
interactions with the proteins.
The mature proteins COR15A and COR15B used in the present
study are 70% identical in their amino acid sequences. However, an
alignment of the two sequences shows that the variable amino acids
are not uniformly distributed along the proteins (Fig. 8D). In the N-
terminal half of the proteins, there is a stretch of 32 identical amino
acids, followed by the most variable part in the middle of the proteins
and again a more conserved C-terminal part. Fig. 8D also shows that
most of the divergent amino acids have a high degree of conservation,
i.e. very similar physico-chemical properties. Since CD spectroscopy
indicated a high content of α-helical structure for both proteins in the
dry state (Fig. 2), we used several different secondary structure
prediction programs (see Section 2.9) to identify those parts of the
proteins that may form α-helices. An amino acid was scored as part of
an α-helix if the majority of the programs identiﬁed it as part of this
secondary structure element. By this procedure an N-terminalα-helix
(helix I) from amino acids 8 to 31 and a C-terminal α-helix (helix II)
from amino acids 47 to 87were identiﬁed. This predicts a totalα-helix
content of 66% for COR15A and 65% for COR15B, in excellent
agreement with the α-helix content of 65% and 57% estimated by
CD spectroscopy for the dry proteins (Fig. 2). Interestingly, all
prediction programs predicted the secondary structure of the dry
proteins rather than that of the fully hydrated proteins, which are
largely unstructured.Fig. 8. Alignment of mature COR15A and COR15B amino acid sequences and visualization o
sequence domain from amino acid 8 to 31, which is identical in both COR15 proteins. Panels
in COR15B, respectively. Red circles indicate hydophobic, blue circles hydrophilic amino aci
sequence domain. Panel D shows the alignment of the amino acid sequences of COR15A and
physico-chemical properties in the alignment, with identity scored highest (10). ConsensusSince in particular amphipathic α-helices could play an important
role in the interactions of the proteins with membranes [59] that we
observed by FTIR spectroscopy, we used helical wheel projections [60]
to visualize the helices and to calculate their mean hydrophobic
moment (µH) and mean hydrophobicity (H). Helix I has an identical
amino acid sequence in COR15A and COR15B, resulting in the helical
wheel projection depicted in Fig. 8A, while helix II contained only 66%
identical amino acids between the two proteins. Therefore, separate
helical wheels were constructed for helix II in COR15A (Fig. 8B) and
COR15B (Fig. 8C). All three helices contain between 38% (helix I) and
49% (helix II in COR15A) hydrophobic amino acids and consequently
their mean hydrophobicity (H) is not far from zero. At the same time
they show a hydrophobic and a hydrophilic side in agreement with
the rather high mean hydrophobic moments (µH) indicative of
amphipathic α-helices that would localize to the membrane surface.
Positive (Lys/K) and negative (Asp/D and Glu/E) charges are not
clearly separated along the helical wheels where negative charges
predominate (6 to 4 in helix I; 10 to 7 in helix II of both proteins). In
addition, both helices contain hydroxylated amino acids (Asp/D; Glu/
E; Ser/S; Thr/T; Tyr/Y), 10 in helix I and 12 in helix II of both proteins
that could form H-bonds with the OH groups in the galactose
headgroup of MGDG.
4. Discussion
In the fully sequenced model plant species Arabidopsis thaliana, 51
genes encoding LEA proteins have been identiﬁed [17,61] and the vast
majority was predicted to be IDPs [17], including the mature forms off predicted α-helical domains by helical wheel diagrams. Panel A shows the α-helical
B and C depict the α-helical sequence domains from amino acid 47 to 87 in COR15A and
ds. µH indicates the mean hydrophobic moment and H the mean hydrophobicity of the
COR15B. Conservation is measured as a numerical index reﬂecting the conservation of
shows those amino acids that are identical between the two proteins.
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structure has only been published for a small number of these proteins
[53,62] and for LEA proteins from other plant and animal species
(reviewed in [8]). In addition, some LEA proteins have been shown to
acquire mainly α-helical structure during drying [26,63–67]. CD spec-
troscopy revealed that COR15A and COR15B behaved in the same way.
They were about 70% unstructured in solution and became largely α-
helical upon drying. The solution structure of COR15A reported here is in
apparent disagreement with a recent study [15] that concluded from CD
spectroscopy that the protein is only approximately 35% unstructured
under fully hydrated conditions. The CD spectra reported in the study by
Nakayamaet al. [15], however, are also indicativeof a largelyunstructured
protein, with a prominent minimum around 200 nm. It has been shown
previously that the correct prediction of secondary structure content of
mainly unstructured proteins requires the inclusion of spectra from
denatured proteins in the reference library to avoid erroneously low
predictions of unstructuredness [31]. Also, the low amount of structure in
our COR15A preparation was not due to the boiling step used in the
puriﬁcation protocol, as Nakayama et al. ([15]) found no evidence for
signiﬁcant changes in secondary structure of the protein upon boiling.
CD spectroscopy showed that COR15A and COR15B are predom-
inantlyα-helical in the dry state. The propensity of the proteins forα-
helix formation was also indicated by secondary structure modeling,
which interestingly predicted the structure of the dry, rather than the
hydrated state. The amphipathic class A α-helix as exampliﬁed by the
mammalian apolipoprotein A-I has been shown to stabilize mem-
branes by inserting into phospholipid bilayers near the surface,
parallel to the membrane plane, with the nonpolar protein surface
embedded in the membrane. The helix is further stabilized on the
membrane by electrostatic interactions between positively charged
residues of the protein and negatively charged moieties in the
phospholipid headgroup [59,68,69]. The charges in class A-I helices
are distributed in such a way that the helix is ﬂanked by positive
charges on two opposing sides at the polar-nonpolar interface for the
interaction with the lipid phosphate groups [69] and negative charges
at the center of the polar face, while the hydrophobic face inserts into
the membrane [59]. However, our helical wheel projections indicate
that unlike LEAM from pea [66], the helices of the two COR proteins
are not of the A-I type described for mammalian apolipoproteins [59],
as they lack the separation between positive and negative charges on
the hydrophilic face. This is presumably also the reason why we were
not able to detect any interactions of the COR proteins with the lipid
P=O groups that have been reported for A-I type proteins [69].
Structurally, the helical parts of COR15A and COR15B are most
similar to the class C apolipoproteins because of their intermediate
µH, wide polar face and high charge density of the polar face without a
clear separation between positive and negative charges [70]. Class C
apolipoproteins are coiled-coil proteins and this structural motif has
also been suggested for different LEA_4 proteins from plants and
animals from in-vacuo predictions [64,71] and molecular dynamics
simulations [72].
The structural differences between the two COR15 proteins are
minor based on the CD data, the sequence comparison and the
structure predictions. Consequently, also the functional differences
judged from their effects on lipid Tm values were only small and did
not present a coherent picture that would allow the prediction of any
signiﬁcant functional differences in vivo. Interestingly, the only strong
interactions with a lipid headgroup that were detectable by FTIR
spectroscopy were H-bonding interactions with the OH groups in the
galactose moiety of the MGDG headgroups. It should be mentioned
here that the protein NH stretching vibration is located in the same
spectral region as the sugar OH vibration. The presence of this
additional vibrational peak in spectra from samples containing
protein could also contribute to the observed differences in peak
shape. However, a comparison of the height of the NH peak in samples
containing either of the COR15 proteins and pure POPC membranes(that produce no OH peak) with the peak height of the combined NH/
OH peaks as shown in Fig. 7, after normalizing all spectra to the height
of their respective C=O peaks to account for differences in sample
thickness, revealed that the NH peak only contributed approximately
10% of the height of the NH/OH peak. This small contribution of the
protein-derived NH peak to the NH/OH peaks in spectra from samples
containing COR15 and MGDG/POPC membranes precludes that the
spectral changes we observed in Fig. 7 are simply due to the presence
of the additional peak.
The interaction between MGDG and the COR15 proteins seems
biologically signiﬁcant, given the localization of the proteins in the
chloroplast stroma, where the accessible membranes contain MGDG.
In addition, only the FTIR spectra from membranes containing MGDG
showed evidence for increased fatty acyl chain mobility in the gel
phase in the presence of the COR15 proteins, indicating stronger
interactions between membranes and proteins in the presence of
their natural target lipid than in the presence of pure phospholipid
bilayers. Even for membranes containing DLnPE, a phospholipid with
similar structural properties (highly unsaturated nonbilayer lipid) as
MGDG, no effect of the proteins on νCH2s was observed, emphasizing
the importance of the sugar headgroup for this interaction.
The present paper presents clear evidence for functional interac-
tions of both COR15A and COR15B with membranes in the dry state.
This is in accordance with an earlier NMR study on dry lipid
dispersions containing either PE or MGDG [20], but in apparent
contradiction to the study by Webb et al. [54], who did not detect any
effects of recombinant mature COR15A on the Tm of dry PC or PC/PE
membranes by DSC. The latter study, however, used multilamellar
vesicles in contrast to our unilamellar liposomes which may have
limited the accessibility of the membranes for the protein.
Although it seems clear that COR15 proteins are able to interact
with membranes in the dry state, the reduction in Tm produced by the
COR15 proteins was at most 15–20 °C, far less than what has been
reported for sugars such as sucrose or trehalose [73,74]. However, the
intention of the present study was to elucidate whether COR15A and
COR15B are able to interact with membranes and how such
interactions are related to membrane lipid composition and protein
structure, and not to investigate mechanisms of plant desiccation
tolerance. The complete elucidation of the in vivo function of the
COR15 proteins obviously still requires additional experimentation.
Since both proteins are cold induced in Arabidopsis leaves and
presumably involved in the stabilization of chloroplasts during
freezing at rather mild temperatures (between −4 °C and −7 °C;
[19,20]), it remains to be shown whether the proteins fold into α-
helices already during such mild dehydration and whether they
interact with and stabilize membranes under these conditions. It has
been proposed both from molecular dynamics simulations with a
fragment of a LEA_4 protein [72] and from experiments with
Arabidopsis dehydrins [75] that almost complete desiccation is
necessary to induce folding. However, sequence similarity to the
COR15 proteins is rather low in case of the LEA_4 protein and there is
no similarity to the dehydrins. In addition, both simulations and
experiments were performed in the absence of possible targets of the
LEA proteins that may increase the propensity of the proteins for
folding. Therefore, further experiments will be necessary to resolve
the questions of protein folding and interaction with membranes
under (partly) hydrated conditions.
In addition, it has been shown that COR15A is able to stabilize the
freezing sensitive enzyme LDH during freezing [15,22,23]. Whether
any of the enzymes localized in the chloroplast stroma are indeed
freezing sensitive and whether they can be stabilized by COR15
proteins remains to be shown. Membrane protection and enzyme
stabilization are not necessarily mutually exclusive functions of these
proteins, as many IDPs have been suggested to bemultifunctional, due
to their highly ﬂexible structure [76]. Our current research is focused
on elucidating these structural and functional complexities.
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